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A Historic Perspective
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A Historic Perspective

Transistor Integrated Intel 4004 Pentium Pro
Circuit uP P6

M

40s-50s 1961 1971 1996

764 ym | 4

55M Tr.

25,000 X improvement
in performance;
1000 x risein cost
of development.

Source: Intel
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A Historic Perspective

Perhaps more than any other single technology of the 20th
century, semiconductor microel ectronics technology has
transformed almost every aspect of modern society:
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Information Technologies
Transportation

Communication

Science and Education

Medicine

Design, automation, and manufacturing
Entertainment
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A Historic Perspective

Stone Age

Bronze Age

I —

3000 BCE 1000 BCE
East Anatolia MiddleEast |ron Age

Middle East, Europe
Silicon Age
Sone, Bronze, Iron, Slicon Age  —

1948
Silicon Valley, USA
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A Vision for the New Millennium
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Vision: The Next 25 years

“Every 18 months microprocessors double in speed.
Within 25 years, one computer will be as powerful as all
those in the Silicon Valley.”

David A. Patterson
Professor, UC Berkeley

Scientific American
September 1995
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Vision: The Next 25 years

Pentium Pro

*

2021

.

» System on a Chip

» Low-Power Electronics

* 3D VLSI Electronics

» Continued Performance Growth
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Voyager Galileo Cassini Pathfinder Mini-Geo Pluto Acme-3  2nd Gen uS/C
1976 1989 1997 1996 1998 2000 2002 2005
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Vision: A Spacecraft on a Chip

SYSTEM ON A CHIP

VOYA_G ER3 PowerPC 620
I\\//IoAléLSJ.ZDER_Y()%rSSG kg 5 e 106 Transistors
POWER = 430 W
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From Subsystems to Macro-Cells

PPS . RFS |-

tt | | | Programmable
— i macro-cells

tt tt L B onasinglechip

cDS ce. | AACS | gl

CAD Synthesis of Spacecraft “ System”

Integration and test has a new meaning

Spacecraft cabling is replaced by sub-micron metal
| nterconnect

How many Spacecraft can fit on one wafer?
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& How Many Spacecrafts on a Wafer?

Possible Die from 8" Wafer

Die per 400
Wafer

300

200

0 ‘\‘\‘\‘

0

04 05 0.6 0.7 0.8 0.9 1
Die edge (inches)
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Increasing functional density while
reducing cost per function.
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The basis for the sustained growth of the
semiconductor industry is the exponential
growth of functional density and the 30% per

year, per function reduction in cost due to:

Design innovation

Device shrinkage

Wafer size increase

Die size increase

Yield improvement

|mprovement in capital equipment utilization

Goldin Briefing Page 15 1/31/96




New Millennium Program Office
Microelectronics Systems

The semiconductor industry
yield is at an all-time high!
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Electrical Defect Density

Source: SIA '95

Yield 3 90%

[d/mz] Isa mathematical model based on statistical

evidence of those defectsthat cause a chip to
electrically fail. It isindependent of chip size.
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Improving functional reliability.
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Environmental and Operational Design for
Constraints Testability

vV

Physics of Accurate Failure

Failure Physics- Rates Fault Tolerance

based

y E"V'G | e g

i ot carriers . Des| n for
: (on chip) g

* Oxidebreakdown , payices Reliability

e Packagin
g Current densities

Geometry
Materias
Void, crack growth
Stress Distribution
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Integrated Product Development Team
Technology Roadmap
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- Key Capability Needs for the 21st Century

Develop reduction of all spacecraft electronics mass,
volume and power by two orders of magnitude relative to
the state-of-the art in space flight computing

Accelerated insertion of commercial technology,
components, and processes into space flight applications
for the reduction of the total spacecraft life-cycle cost

Scaleable and fault-tolerant on-board computing
architectures that will enable autonomous spacecraft
control and operation, and on-board science data analysis,
for the the purpose of reducing the total system cost, and
Increase the mission scientific return.
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Candidate High-Priority Technologies

Highly integrated and modular 3D avionics architectures
amenable to industry standardization

Integrated power management electronics

Advanced microel ectronics packaging technologies such
as Multichip Modules (MCMs), 3d chip stacking, and
MCM stacking

Low power electronics

High-density low-power data storage technology
High-bandwidth low-power interfaces

Scaleable on-board real-time and reliable multiprocessing
Fault tolerant computing

Techniques for rapid prototyping
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Industry Roadmap Team

Technology Area

Members

Semiconductors

MIT/LL - Craig Keast
Lora - Bob Delean

Processors

Lora - Bob Delean

AFPL - Captain Ronald Marx
(LM) - Gerhard Franz

Storage

Honeywell - John Samson
TRW - Darby Leetarry

/O

TRW - Darby Lee Terry

Optivision - Robert Kalman
Boeing - Warren Snapp

Packaging

LM - Gerhard Franz

SCC - Nicholas Tenenketges
UCSD - Volkan Ozguz

GIT - Abhijit Chatterjee

Power

LM - Gerhard Franz
Boeing - Warren Snapp

Design Automation

- Massoud Pedram
- Abhijit Chatterjee
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SEMICONDUCTOR INDUSTRY ASSOCIATION ROADMAP

YEAR OF FIRST DRAM SHIPMENT 1995
MINIMUM FEATURE (um) 0.35
Memory
Bits/Chip (DRAM/Flash) 64M
Cost/Bit @ volume (millicents) 0.017
Logic (High Volume: Microprocessor)
Locig Transistors/cr® (packed) 4M
Bits/cm2 (cache SRAM) 2M
Cost/Transistor @ volume (millicents) 1
Logic (Low Volume: ASIC)
Transistors/cn? (auto layout) M
Non-recurring engineering 0.3
cost/transistor (milicents)

Chip Frequency (MHz)
On-chip clock, cost-performance

On-chip clock, high-performance
Chip-to-board speed, high performance
Chip Size (mm2)

DRAM

Microprocessor

ASIC

Power Supply Voltage (V)

Desktop

Battery

1998 2001
0.25 0.18

256M 1G
0.007  0.003

™ 13M
oM 20M
0.5 0.2

4M ™
0.1 0.05

200 300
450 600
200 250

280 420
300 360
660 750

2.5 1.8
18-25 09-18

2004

0.13

4G

0.001

25M
50M
0.1

12M
0.03

2007
0.10

16G

0.0005

50M
100M
0.05

25M
0.02

0.0002

2010
0.07

64G

90M

300M
0.02

40M
0.01
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Microel ectronics Feature Size

SPACE COMPONENT MINIMUM FEATURE SIZE
SEMICONDUCTOR ROADMAP

256K SRAM 256K SRAM (soi)
JAN JAN

(0}
/\ 1M SRAM (soi)

4M SRAM (soi)

o RAD6000-5L (bulk)

RAD6000-5E/5M
(bulk-LOCOS)

16M SRAM (soi
PowerPC 604 (fulk)

o
PowerPC 620 (soi)

A Honeywell
O Lora
O Commercial DRAM

B
2
W
N
7
W
4
S
'_
<
w
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=
=)
=
=
=

1992 1994 1996 2000 2002
YEAR
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General Purpose Processor
Roadmap Summary

== Performance
== Mass

100 mips
@7W
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Packaging Roadmap Summary

Vision: Towards 3D VLS
Metrics. level of integration, size, mass, power density.
Roadmap: Low-cost 3D MCM + HDI 3D HDI
97 99
Integration medium high
Volume (cc) (dgtl+pwr)  600+1000 400+500
Mass () (dgtl+pwr) 1000+2000 500+500
Capabilities Some HDI 3D HDI
Mixed MCM 3D VLS
MCM/SMT 3D Stack PCBs
3D Stack PCBs

BCB or polyimide
Si chips (~5 um thick)
Metal connections
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3D VLSI
01

very high
70+100
300+300
3D HDI
3D VLS
3D MCM

1/31/96




New Millennium Program Office
Microelectronics Systems

3D VLSl Technology Development

 Eliminating the Single Chip Package
Bottleneck
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Single Chip Package |/O Bottleneck

VLSI Chip Evolution:

* Feature size reduction
 Chip size growth
 Chip speed growth
 Chip I/O count growth

through-hole surface mount
<4— |/O pitch: ~1-2mm 0.5-1 mm
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Si/Package 3D IC 3D MCM
Area Efficiency Z ¢
Esi (%) T L

g

100 %

MCM
Es > 50%

paradigm shift required

SCP
Es < 15%

time
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SRAM Array Interconnect

| g . Yellow
Word lines — lee, =N = T ; ‘ Siobal
(polysilicon) <, = ' _— interconnect
— (TifAl {cu)
TirTiN

Pink
Local
interconnect
forn*, p*
(tungsten)
diffusion
contacts
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NASA’s Advanced Flight Computer
33-Chip Multichip Module
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NASA’s 33-Chip Flight Comput
Module

Flight Computer System integrated into
asingle MCM of 33 chips.

3D IC stacking used for SRAM and
EEPROM memory.

Si Substrate for inter-chip connections.

MCM-D Al metal and SIO2 di€electric.

Mass < 100 grams (89 grams)

Volume< 1.5ci

AIN 442 |eaded package =

Rad-hard, R3000 ISA, TRW RH-32 : ...:.......c'ﬂn-.-.-...n.--.--.-'-—m-'.
20 MIPS @ 25 MHz and < 12 watts

Industry partnership: TRW, nCHIP.

Flight validation on SSSTI 7/96.
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Cassini Flight Computer

Mars Pathfinder
Flight Computer*

* Mars Pathfinder Flight Computer
10 x greater performance
than Cassini Flight Computer

* Equal Performance
to Mars Pathfinder
Flight Computer

Advanced Flight
Computer*
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1980’'S 1990’S

NEW MILLENNIUM
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Advanced Flight Computing Program

ADVANCED PACKAGING EXPERIMENT
FLIGHT BOARD SN 001
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Advanced Flight Coputi ng Program

ADVANCED PACKAGING EXPERIMENT
FLIGHT BOARD SN OO
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NASA’'s AFC Mass Memory Module
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( SPACE-CUBE ARCHITECTURE

Ve

GW
Gatey

g g¢ / FEATURES

] Y » Processor Independent

. avallablelRlavors * Interchangeable Modules
* Maintainable & Upgradeable
( » Standard Features
- Module Size & Shape
Vector Types - Interconnect Bus
+= oover - Interconm_ect Method
" s — Can Be Easily

BUS l(:Zolr;flgyrec'lAToh'll'thet

ollowing Architectures
Interconnect Ring =10 - Single String
- Dual String

. - TMR
Module Abstraction - Multiprocessors
- Distributed
( - NonDistributed
- Others
Module Inheritance
from AFC
Modules & Interconnections Are
Simplified Yet Complicated
. Architectures Can Be created.
Critical /0 Architecture Applies Regardless
Of Granularity
- Board Level
- Stacked MCMs
| - Stacked Dies
wO=D OBy Rzop - Interconnections Do Not Cross

Spacecraft Example
(Pluto Express Architecture)

. /
\ gsb 5/25/95 4
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L ow-Power Electronics
Technology Development
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Power Consumption

~

'93 '08 '03 '08

Source: Intel, SIA Technology Roadmap
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Key Driversfor Voltage Scaling

Reduced Power dissipation, P
P=fecev?ea

Higher Reliability

Reduced Transistor Channel length

Extended Battery Lifetime
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Voltage Scaling

'68 '73 '78 '83 '88 '93 '08 '03
Source: Intel, SIA Technology Roadmap
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% A\ dvanced Optical Lithography Roadmap

1989 1992 1995 1998 2001 2004 2007 2010

RN 035 um Optics Extension Through
Generation 6 (mr of o e
248 nm DUV

e Wavelength reduction

AN
- Ggf:rgt?; ] o Increased numerical aperture M ost L | kel y Path
1X Proximity X-ray % e Optical enhancements
ey
248 nm DUV w/

193nm DUV w/
enhancements

1X Proximity
X-ray

MIT Lincoln Laboratory has production worthy i-line and 248 nm DUV wafer steppers,
aswell asthe world’ s only 193 nm DUV wafer step and scan system. All three tools are
operating in Lincoln’s class-10 semiconductor fabrication facility, allowing future deep-
submicrometer technologies to be investigated today.

This advanced optical lithography capability is currently being used to develop a sub
0.25 pm low power (Vop = 0.9 V) SOI CMOS process technology suitable for awide
range of low power, high performance applications.

1/31/96
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193-nm PROJECTION LITHOGRAPHY

193-nm LITHOGRAPHY SYSTEM LINCOLN LABORATORY
193-nm EXPOSURE SYSTEM

e SPECIFICATIONS
~ ArF EXCIMER LASER SOURCE
— 0.5 NA OPTICS
— 4x REDUCTION PRINTING
— 22 x 32.5 mm EXPOSURE FIELD
— BASED ON SVGL MICRASCAN Il STEP AND SCAN
e RESOLUTION
— 0.18 TO 0.25 um WITH CONVENTIONAL PHOTOMASK
— 0.10 pm WITH PHASE-SHIFT PHOTOMASK

e STATUS
— INSTALLED IN MICROELECTRONICS LABORATORY
— HIGH RESOLUTION ACHIEVED OVER FULL FIELD
— OFF-AXIS ALIGNMENT INSTALLED
— AUTOMATIC WAFER HANDLING SYSTEM INSTALLED
— BEING QUALIFED JOINTLY WITH INDUSTRY

1pm y 1pm

0.20 pm FEATURES ISOLATED LINES
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SILICON-ON-INSULATOR TECHNOLOGY
FOR LOW POWER ELECTRONICS

PROGRAM HIGHEIGHTS: FULLY-DEPLETED, < 0.25 um, S0l CMOS

UTILIZES WORLD'S MOST ADVANCED OPTICAL LITHOGRAPHY TEGHNOLOGY.
- INITIAL WOHK USING 248-nm LITHOGRAPHY WITH TRANSFER TO 183-nm LITHOGRAPHY RCHANREL FRHANKEL

LOW POWER OPERATION, 1 VOLT SUPPLY, 0.3 VOLT THAESHOLDS. & nm 120 nm
Gatn Dride Spacar Oulda

FULLY-DEPLETED DEVICE DESIGN FOR REDUCED PARASITIC CAPACITANCES
AND NEAR IDEAL SUBTHRESHOLD SLOPES.

PROCESS HIGHLIGHTS:

50 nm ACTIVE SILICON THICKNESS WITH COMPLETE OXIDE {SOLATION.

150 - 400 nm Huried Oxlde

DUAL-DOPED POLY FOA COMPLIMENTARY THRESHOLD MATGHING.
SELF-ALIGNED SHALLOW SILICIDE PRUCESS WITH OXIDE SPACERS. Sllicon Handls Weter

ALUMINUM REFLOW CONTACT FILL TECHNOLOGY.

n-CHANNEL TRANSISTOR CHARACTERISTICS 0.25 um RING OSCILLATOR STAGE DELAY
{W/L = 8 pmiD.25 pum)
250

DRAIN CURRENT vs DRAIN VOLTAGE DRAIN CURRENT vs GATE VOLTAGE

f!

STAGE DELAY [ps)

BTHRESHOULD SLOFE
= 7 mVIDECADE
o 1.8

Vo (v}

1:5
VDD (volta)
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Power Electronics Development Approach:

Collaborate with ARPA on the ULPE Program
Work with Industry: Intel, IBM, Motorola
Work with Academia: USC, GIT, Stanford
Work with other National Labs: MIT/LL, SNL
Fly LPE Experiment on DS1.

0.18u SO, 1 volt technology
Initiate LPE R&D task at JPL in FY 96
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Low Power Electronics

R&D at JPL

LPE Library Development

Circuit Design, Simulation, and Test

Radiation Test and Analysis

Physics of Failure Analysis

Reliability modeling and Analysis

L ow-Power Opto-Electronics Development with
Optivision (SBIRs 1 and 2), for Low-Power 1773 s/c bus
L ow-Power Systems Design

L ow-Power Design Synthesis
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Deep-Space 1 Avionics Architecture
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DS1 Target Architecture

JTAG IEEE 1149 (.1/.5)

S T I e

RADG6000 SSR: AS1773 '
Extended PCI/VME :’
> + Local Memory DRAM, Bridge - >

Memory Flash

t
‘3 X ) e bus

ASL/I(S

Low
28/70v  |— = SDVLS PASM [ | Rec/Tran

28v

L
Power Electronics Hight Experiments To Ioadsv 28v
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o e oiee D)
e DS2 Target Architecture

EXPERIMENTS /
SCIENCE

TEMP.

Integrated nController |  g—
Telecom. MCM PRESSURE

* o

Integrated
Power Lithium

Management Battery
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3D High Density Interconnected Avionics Stack

v.

To Antenna

- Integrated
Telecommunication

- Instrument Electronics

B - mController MCM

- Integrated Power
Management

BATTERY
INPUT
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Customers and Partnerships
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Pluto Express

Reliability

Low Power

Fault
Tolerance

Miniaturization
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Advanced Avionics Technology
for Reusable Launch Vehicles

RI & MD
Reliability DCA LH2 Tank

Test and

Maintenance fo=——=1 - Passive AU
e & AE sensors
(60-500 KHz)
* Acoustic
P 1 environment
Fault 4 150-170dB
Tolerance W ) -severe
i st cryoshock
& vibration
5 exposure

Miniaturization
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Vision: A Spacecraft on a Chip

2-3m .

—#—Performance
—&—Mass

55 mips @ 5 W

100 g 100 g

150 mips @

100 cm3 50 cm3

VOYAGER
1976
~# transistors = Exponential Growth of Functional

Density while reducing cost per
function

= Design Automation Synthesis
= System on a Chip
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storage

ystem on a Chip
“New Millenniumm?”
5 * 106 transistors
today
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